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We present an analysis of the spatial distributions and seasonal dynamics of phosphate and nitrate in the
Mediterranean Sea. The analysis involves observations under present conditions and relies on statistical
analysis of the output of a state-of-the-art corroborated numerical model. Model results are corroborated
with available data from cruises and ﬁxed monitoring stations. The results capture and quantitatively
detail the main spatial patterns observed in the Mediterranean Sea, with an east–west gradient in the
surface layer for phosphate and a north–south gradient for nitrate. The model results highlight that
plankton growth in Mediterranean waters is usually nutrient limited and that such limitation is less
frequent in the western sub-basin and is usually due to a lack of phosphate, rather than nitrate, with the
exception of the areas close to the Atlantic Ocean, where nitrogen limitation is important. The model
simulation illustrates the beneﬁt of a variable stoichiometric formulation of the phytoplankton cell,
showing how the ratio of the internal N:P quota adapts to different limiting conditions.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In this article we analyze the spatial distributions of nitrate and
phosphate in the Mediterranean Sea. The nutrient ratio and the
supply rates of these compounds are an important constraint on
the dynamics of the Mediterranean Sea lower trophic levels. Sev-
eral studies have already addressed this topic using spatial-tem-
poral extrapolation of experimental observations (Zavatarelli et al.
1998; Manca et al., 2004; Socal et al., 2008). However, existing
datasets offer only limited space-time coverage of the Mediterra-
nean basin (along cruise tracks or ﬁxed stations). As such, im-
portant simplifying assumptions have to be made to inter-extra-
polate available observations over non-sampled (or poorly sam-
pled) areas. Often, interpolations are implicitly made while inter-
preting the data based on expert judgment. In some cases statis-
tical methodologies are used, even if the underpinning assump-
tions (the form of the distribution frequency, stationarity) are
hardly veriﬁable. The knowledge of the physical problem (i.e.,
general circulation) is seldom considered.
Here, we follow the approach of using available data to corro-
borate a numerical model and then use the corroborated model to
interpolate and extrapolate observations in space and time. By
embedding available theoretical information of the physical pro-
cesses and being able to reproduce the physical environment,Ltd. This is an open access article umodels can be valuable tools for space and time interpolation of
experimental ﬁndings, as is commonly performed in all physical
sciences.
In this study we use OGSTM–BFM, a 3D coupled transport
biogeochemical model (Lazzari et al. (2012); there referred as
OPATM–BFM) which has already been successfully used to de-
scribe the space variability and seasonality of chlorophyll con-
centrations and primary production in the Mediterranean Sea.
Here, we also corroborate our model results against nutrient
concentration observational data and then analyze the model
outputs. In Section 2, the OGSTM–BFM 3D model is presented
together with details of its implementation. In the same section,
details about the datasets used for model corroboration are pro-
vided. Climatological descriptions of biogeochemical properties
resulting from model simulations and their validation with in situ
data are presented and discussed in Section 3. In Section 3, cli-
matological maps of nutrient distributions are derived, and N:P
ratio and primary producer limiting conditions are also discussed.
1.1. The Mediterranean Sea
The Mediterranean Sea is a semi-enclosed basin surrounded by
land and connected to the Atlantic Ocean through the Strait of
Gibraltar; other adjacent seas are the Black Sea and Red Sea.
Thermohaline circulation is driven by excess evaporation with
respect to precipitation and river inputs, making the Mediterra-
nean Sea a concentration basin with an anti-estuarine circulation.
Three thermohaline cells can be described as follows: onender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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cells at a smaller scale (Lascaratos et al., 1999).
The principal cell involves only the surface and intermediate
layers. Atlantic Water (AW), which is characterized by low-salinity
and relatively low nutrient content with respect to deeper layers,
enters at the surface through the Strait of Gibraltar. During the AW
eastward path, its physical properties rapidly change as the high
evaporation rate elicits an increase of salinity, giving rise to
Modiﬁed Atlantic Water (MAW). In the Levantine basin, con-
tinental dry winds and a further increase in evaporation rates
make the MAW even saltier and denser, such that it sinks down
through subduction to the intermediate layer (200–600 m),
forming Levantine Intermediate Water (LIW). The LIW outﬂows at
the Strait of Gibraltar after having crossed westward through the
entire Mediterranean Sea (Ovchinnikov, 1984).
Contrary to what happens with salinity, nutrient concentra-
tions decrease along the anti-estuarine circulation, starting at the
Strait of Gibraltar, where nutrient-poor subtropical AW enters the
basin toward the east. The atmospheric and terrestrial inputs
(ATIs) of phosphate and nitrate are not able to signiﬁcantly fertilize
MAW, which along LIW, has a short residence time in the basin
(Van Cappellen et al., 2014) preventing nutrient accumulation;
therefore, the Mediterranean Sea surface layer remains oligo-
trophic. A numerical analysis (Crispi et al., 2001) demonstrated
that the basin nutrient concentrations reach equilibrium with a
clear east–west nutrient gradient. This equilibrium is regulated by
water mass circulation patterns and ATIs and is characterized by a
pronounced oligotrophy, with a clear decreasing gradient in nu-
trient concentrations from the western to the eastern Mediterra-
nean Sea, the latter of which is characterized by ultra-oligotrophic
properties. The Mediterranean Sea is known to be characterized by
a peculiarly high N:P ratio with respect to the global ocean both in
the deep waters (Krom et al., 1991; d’Alcalà et al., 2003) and for
dissolved and particulate matter in the eastern Mediterranean Sea
(Krom et al., 2005). This is not surprising because in areas where
the imprint of land is pronounced, anomalous N:P ratios can be
expected, as has been stated by Redﬁeld (1934). In particular, pe-
culiar explanations for such deviations according to regional
conditions must be addressed (Krom et al., 2004, 2010). Moreover,
perturbations due to anthropogenic effects over the past 80 years
could have altered the situation with respect to the measurements
collected by Redﬁeld, especially in an area inﬂuenced by ATIs like
the Mediterranean Sea.2. Methodology
2.1. The physical and biogeochemical models
The numerical tool adopted in this study, the OGSTM–BFM, is
based on the system described in Lazzari et al. (2010, 2012). The
physical dynamics that drive the biogeochemical processes are
pre-computed by an ocean general circulation model (OGCM
MED16; Béranger et al., 2005). Therefore, physical–biogeochemical
coupling is based on an ofﬂine approach. The circulation model
supplies temporal evolution ﬁelds of horizontal and vertical cur-
rent velocities, vertical eddy diffusivity, potential temperature, and
salinity, in addition to surface data for solar shortwave irradiance
and wind stress. The physical ﬁelds are then interpolated at 1/8
degree horizontal resolution, which is the resolution of the bio-
geochemical model outputs produced and analyzed in the present
work.
The MED16 model was run using the reanalyzed ﬁelds from
ERA40 (Uppala et al., 2005) from January 1989 to February 1998
and using the ECMWF analyses from March 1998 to 2006. The
biogeochemical model here adopted is the Biogeochemical FluxModel (BFM; Vichi et al., 2013), which is customized for the
Mediterranean Sea. This model has been already applied to ex-
plore the dynamics of chlorophyll and primary production (Lazzari
et al., 2012), alkalinity spatial and temporal variability (Cossarini
et al., 2015), and CO2 ﬂuxes (Canu et al., 2015) in the whole
Mediterranean basin, as well as to explore biogeochemical dy-
namics in selected sub-regions (Lamon et al., 2014). OGSTM–BFM
is also the core of the biogeochemical component of the Medi-
terranean Monitoring and Forecasting (MED–MFC) system in the
Copernicus Marine Environmental Monitoring Service (CMEMS,
http://marine.copernicus.eu).
The BFM describes biogeochemical ﬂuxes transforming dis-
solved and particulate organic and inorganic components by
processes inﬂuenced by temperature, salinity, photosynthetically
available radiance and interactions with other biogeochemical
properties. The design of this model allows energy and material
ﬂuxes to be described through both 'classical food chain' and
'microbial food web' pathways (Thingstad and Rassoulzadegan,
1995). The model can also take into account co-occurring effects of
multi-nutrient interactions (Baretta-Bekker et al., 1997). This
possibility can be very useful to understand and estimate, for each
area and period of the year, what is the most limiting nutrient,
according to the resource availability in the Mediterranean Sea.
The model presently includes nine plankton functional types
(PFTs). Autotrophic PFTs are diatoms, ﬂagellates, picophyto-
plankton and dinoﬂagellates. Heterotrophic PFTs consist of carni-
vorous and omnivorous mesozooplankton, bacteria, heterotrophic
nanoﬂagellates and microzooplankton. Each of these variables is
described in terms of its carbon, phosphorus, nitrogen, and silicon
compositions.
Details on the full BFM formulations and their Mediterranean
implementation are provided in Vichi et al. (2013) and in Lazzari
et al. (2012). Here, we summarize the main assumptions related to
nutrient uptake using phosphorus as an example. Similar (but
slightly more complex) kinetics describe the nitrogen dynamics.
Carbon assimilation and nutrient uptake are decoupled (Bare-
tta-Bekker et al., 1997). Photosynthesis (primary production) and
the uptake of dissolved inorganic carbon depend on light, tem-
perature and carbon to chlorophyll content. As described in Lazzari
et al. (2012), the model reproduces the spatial variability and
seasonality of this process well.
The uptake of nutrients is then computed as the amount of
nutrient required to sustain a ‘balanced’ growth. Balanced growth
means maintaining a ‘healthy’ stoichiometric composition, which
is herein expressed as the nutrient-to-carbon internal ratio of the
plankton cell close to the maximum nutrient-to-carbon quota
(qp
max ). If the concentration of dissolved inorganic nutrient is not
sufﬁciently high to meet this requirement, nutrient uptake is re-
duced proportionally to the actual nutrient concentration, and part
of the assimilated carbon is released as dissolved organic carbon.
The uptake is based on a two-step procedure. The potential
phosphorus uptake is the minimum between two rates:
( )= ( )up min up , up , 1p preq pavail
where
( )( )
_ =
= + – ( )q q q r
nutrient requirement up
npp max 0, C , 2
p
req
p
max
p
max
and
α_ = = ( )nutrient availability up PO C, 3pavail 4
where npp is net primary production, qp
max is the maximum P:C
quota in the phytoplankton cell (in our case twice the Redﬁeld
1 The tool was made available via GitHub: https://github.com/bcdev/opec-
tools, with the actual download link https://github.com/bcdev/opec-tools/archive/
1.0.zip (Storm and Fomferra, 2012).
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internal storage, and α is the afﬁnity for PO4 of the PFT considered.
C and P are the average concentrations per cubic meter of carbon
and phosphorus in the phytoplankton cells. To avoid inconsistent
results, the missing amount of intracellular nutrient is constrained
to be positive. The coupling between the nutrients and carbon
dynamics is completed by a term describing the release of carbon
as semi-labile DOC (sugars) as a function of the internal P:C quota:
( )_ = − ( )q qcarb release npp min npp, up / , up / 4p pmin n nmin
where qp
min is the minimum internal concentration of phos-
phorus, which must be guaranteed for the newly formed biomass,
which is herein set to half of the Redﬁeld ratio.
Therefore, if the internal nutrient availability is sufﬁciently high
to cope with the requirement to maintain all potential growth,
then there is no carbon release; the newly produced plankton
biomass has a Qmax concentration and, in time, plankton grows
and reaches the maximum value of the quota. Conversely, if nu-
trient availability is not sufﬁcient to have a ‘healthy’ stoichiometric
composition in the newly formed biomass, the actual net primary
production is reduced by releasing a fraction of the assimilated
carbon, so that the new biomass reaches at least a minimum quota
value.
Similar formulations regulate nitrate and ammonia uptake, so
that in a multi-nutrient contest, the actual biomass growth is gi-
ven by
(
)
_ = α
α ( )
q q q
q
actual npp min npp, up / , up / , PO C/ ,
NO C/ 5x
p p
min
N N
min
p 4 p
min
N N
min
and the extent of nutrient limitation, which is normalized to 1,
by
(
)
( )
( )
( )
( )
_ = −
α α ( )
q q
q q
nut limit 1 min 1, up / npp , up / npp ,
PO C/ npp , NO C/ npp 6x
p p
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N N
min
p 4 p
min
N N
min
The effective nutrient uptake of the non-limiting nutrient is
computed using Eq. (1) with the npp corrected by the carbon re-
lease term and without the positive constraint of the missing
amount of intracellular nutrient.
Finally, the nature and severity of the limiting role of different
nutrients can be quantiﬁed by tracking how often the different
terms of Eq. (6) assume the minimum value. In the present si-
mulations, we used the values for nutrient afﬁnity reported in
Baretta-Bekker et al. (1997). We note that in the present model
formulation, the effect of nutrient limitation is expressed not only
in terms of DOC release but also in terms of the chlorophyll
synthesis rate (Lazzari et al., 2012).
This carbon release increases the pool of DOC and may fuel the
bacterial growth. In this condition bacteria can act as phyto-
plankton competitors for inorganic nutrients, and there is a shift in
energy matter ﬂow from the traditional food chain to the micro-
bial food web.
2.2. Model conﬁguration
2.2.1. Initial and boundary conditions
The nutrient pools (nitrate, phosphate, silicate) and dissolved
oxygen for the BFM biogeochemical model were initialized by
vertical proﬁles taken from a retrospective reanalysis performed
during the MFSTEP project using the MEDAR–MEDATLAS 2002
dataset (Crise et al., 2003). The extracted data include measure-
ments of dissolved oxygen (from 1948 to 2002), nitrate (from 1987
to 2002), phosphate (from 1987 to 2002) and silicate (from 1987 to2002). A vertical nutrient proﬁle was assigned to each of the sub-
basins in which the Mediterranean Sea was subdivided by Crise
et al. (2003). The other biogeochemical state variables were
homogeneously initialized in the photic layer (0–200 m) according
to the default BFM values, with lower values in the deeper layers.
A smoothing algorithm was applied to manage the discontinuities
between the different sub-basins (as deﬁned in Crise et al. (2003)).
2.2.2. Boundary conditions at the Strait of Gibraltar
A Newtonian dumping term regulates the Atlantic buffer zone
that is located outside the Strait of Gibraltar, as described in Laz-
zari et al. (2012), with climatological proﬁles derived from the
MEDAR–MEDATLAS dataset (phosphate, nitrate, silicate, dissolved
oxygen) measured outside the Strait of Gibraltar. Nutrient proﬁles
used for the dumping have an N:P ratio below 10.
2.2.3. Atmospheric and terrestrial inputs
Atmospheric inputs of inorganic nitrogen and phosphorus were
set according to the synthesis proposed by d’Alcalà et al. (2003)
and elaborated on the basis of ﬁeld data (Loye-Pilot et al., 1990;
Bergametti et al., 1992; Guerzoni and Chester, 1996; Guerzoni
et al., 1999). Given the difﬁculty to estimate the bio-availability of
the compounds, no distinction was made between dry and wet
deposition, and all the nutrients deposited were considered dis-
solved and bioavailable. The deposition rates were considered
constant during the year. Eastern and western sub-basins were set
with different values, as reported by d’Alcalà et al. (2003).
Nutrients from terrestrial inputs (rivers and runoff) are set
according to the reconstruction of the spatial and temporal
variability of water discharges carried out by Ludwig et al. (2009).
The reconstruction is based on available ﬁeld data of nutrient
concentrations and on model results for the areas not covered by
data. The nutrient discharge rates for the major rivers (Po, Rhone
and Ebro) take into account seasonal variability on a monthly basis
using experimental measurements. All other inputs are constant
during the whole year due to the lack of data pertaining to their
temporal variability. It is worth noting that both atmospheric and
riverine inputs present an N:P ratio in the range of 60–80 mmol N/
mmol P, which is higher than the Rediﬁeld ratio. In particular,
atmospheric N:P ratios could reach even higher values (Markaki
et al., 2003; Krom et al., 2004, 2010).
2.2.4. Experimental and corroboration procedure
The numerical experiment applied in the present work is
analogous to the reference experiment performed in Lazzari et al.
(2012). In particular, the simulation covers the period from 1999 to
2004, and the output ﬁles are provided as monthly averages. To
validate the simulation, model results have been statistically
compared with available data from cruises (vertical transects) and
long-term monitoring (time series of ﬁxed vertical proﬁles)
available in the OGS–NODC database (http://nodc.ogs.trieste.it/
nodc/). Details of the reference datasets are reported in Table 1 and
their geographical locations in Fig. 1.
The comparison between the model and observation reference
data was carried out using the benchmarking tool developed in
the FP7-OPEC project.1 In particular, we contrasted the modeled
monthly averages of phosphate (PO4) and nitrate (NO3) with the
closest reference datum, aggregating the results in the upper (0–
200 m) and deeper (200 m-bottom) layers. The tool benchmarks
each observation reference data record with the closest model
record on each horizontal level within a temporal window of 716
Table 1
NODC–OGS databases for the 1999–2004 period. For research cruises, sampling days are reported in parentheses. The areas (SWW, SWE, TYR, ION, NWM, LEV, ADS)
deﬁnition is shown in Fig. 1. Upper layer data (SUP) are collected within the range of 0–200 m and deeper layer data (DEEP) are collected within the range of 200 m to
bottom.
Dataset name Period Area data PO4 SUP Data PO4 DEEP data NO3 SUP data NO3 DEEP
Research cruises
1-PROSOPE Sep–Oct 1999 (19) SWW, SWE, TYR, ION, NWM 148 75 204 77
2-NORBAL Mar–Apr 2000 (16) NWM 528 655 – –
3-MEDGOOS2 Mar 2001 (6) NWM 112 12 112 12
4-RHOFI_1 May 2001 (2) NWM 134 – – –
5-MEDGOOS3 Sep 2001 (4) NWM 104 32 – –
6-06MT51_2 Oct–Nov 2001 (18) SWE, TYR, ION, LEV 97 553 127 555
7-NORBAL2 Dec 2001(6) NWM 205 179 – –
8-SINAPSI-4 Mar–Apr 2002 (13) ION, ADS 222 313 – –
9-RHOFI_2 May 2002 (6) NWM 268 – 35 –
10-MEDGOOS4 May 2002(5) NWM 125 25 – –
11-NORBAL3 Sep–Oct 2002 (8) NWM 193 322 – –
12-MEDGOOS5 Nov 2002 (5) SWE, TYR 76 15 203 38
13-NORBAL4 Mar 2003 (16) NWM 288 205 – –
14-RHOFI_3 Apr 2003 (6) NWM 173 – – –
15-MELISSA-2004 Jan–Aug 2004 (8) NWM 78 8 69 8
Long-term monitoring
16-DYFAMED 1999–2004 NWM 523 433 552 502
Fig. 1. Map of the Mediterranean Sea and division of the sub-basins adopted in the present study: Alboran Sea (ALB), North-Western Mediterranean Sea (NWM), South-
Western Mediterranean Sea – West (SWW), South-Western Mediterranean Sea – East (SWE), Tyrrhenian Sea (TYR), Northern Adriatic Sea (AND), Southern Adriatic Sea
(ADS), Ionian Sea (ION), Aegean Sea (AEG), Levantine Sea (LEV). Coordinates of the cruises measurements and the stations used to corroborate the model are also shown
(dots).
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Fig. 2. Cruise-by-cruise comparison between in-situ measurements (green graphs) and model results (red graphs), for phosphate (left panels) and nitrate (right panels). The
numbers on the x-axis refer to Table 1. Upper layer data are collected within the range of 0–200 m (top panels) and deeper layer data are collected within the range of 200 m
to bottom (bottom panels). Square symbols represent the median, circles represent the mean, and vertical bars represent the standard deviation. Observational data are
averaged in the 0–200 m layer and in the 200 m – bottom layer. The benchmarking of model versus observations is computed by matching the model outputs with the
position and the period of the corresponding cruises, and then averaging them in the same way as observational data. Gridded model data were processed by the OPEC-TOOL
benchmarking software.
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the deeper layer, the vertical range is extended to 7250 m. The
skill of the model is represented by the mean, median and stan-
dard deviation (Fig. 2) and by Taylor diagrams (Fig. 3), where each
entry is a speciﬁc dataset.3. Results and discussion
3.1. Corroboration with reference data
Modeled phosphate distributions in the 0–200 m upper layer
(15 datasets are considered, Fig. 2, left top panel) present an
overall good agreement; model means or medians are mostly
within the reference data variability (with the exception of MED-
GOOS2/3, located in the Sardinia Sea), and signiﬁcant good
agreement in terms of mean or median values is observed for
PROSOPE, 06MT51_2, NORBAL2, SINAPSI-4, MEDGOOS4/5 and
RHOFI_3. As expected, the reference data have a larger variability(measured by the standard deviation) than the model output.
However, we observe that the model generally tends to under-
estimate reference data.
Modeled phosphate in the 200 m-bottom layer comparison (12
datasets are considered, Fig. 2, left bottom panel) shows that re-
ference data variability is also wider than the model in the deeper
layer. The model results are in good agreement with the reference
data of MEDGOOS2, 06MT51_2 and SINAPSI-4, both in terms of
reference concentration (Fig. 2) and correlation (Fig. 3, with the
exception of MEDGOOS2 due to only 12 matching data), whereas
in the other cases, the model underestimates data or is even
outside the variability range.
Modeled nitrate means or medians in the 0–200 m upper layer
(6 datasets are considered, Fig. 2 right top panel) are mostly within
the reference data variability. Additionally, in this case, the re-
ference data present a wider variability than the model.
Modeled nitrate in the 200 m-bottom layer (5 datasets are
considered, Fig. 2, right bottom panel) are within the reference
data variability, with the exception of the MELISSA_2004 cruise.
Fig. 3. Taylor diagrams comparing in-situ measurements and model outputs for phosphate and nitrate. Surface data (sup) are collected in the 0–200 m levels (top panels),
and deeper data (deep) are obtained by aggregating the 200 m to bottom levels (bottom panels). Gridded model data were processed by the OPEC-TOOL benchmarking
software.
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both in terms of absolute values and in terms of spatial variability
(Fig. 3).
The Taylor diagrams (Fig. 3) show that for the majority of the
datasets, a satisfactory correlation exists (i.e., larger than 60% in
the upper layer) and further show that the experimental varia-
bility is generally wider than the simulated analysis (the normal-
ized standard deviation is lower than one). The lower correlations
shown by the coastal RHOFI datasets for both nutrients in the
upper layer are mainly due to the very short sampling period (that
also inﬂuences the low-correlation with the MEDGOOS5 dataset
for upper nitrate) and by coastal processes that can strongly im-
pact biogeochemistry dynamics (Cossarini et al., 2012). In the case
of the deeper layers, the model is generally less able to capture the
variability present in the dataset, although the amount of the
nutrient inventory agrees with the reference records.
In addition, as already demonstrated in Lazzari et al. (2012), the
model shows a good capability to describe the biogeochemistry
dynamics of NWM (which is extensively covered by the reference
datasets employed herein) and the DYFAMED station, in particular
(reported in Fig. 3). We do observe in the present simulation that
although the model generally tends to underestimate DYFAMED
data in the upper layer both for phosphate and nitrate (in parti-
cular between 1999 and 2002, ﬁgure not shown) the correlation is
good.
Summarizing, model simulated nutrient values are in the range
of present observational records. The model tends tounderestimate upper layer nutrient concentrations, whereas spa-
tial and temporal variability are better simulated in the upper layer
than in the deeper layer.
The collection of datasets considered here can be regarded as a
good representation of the experimental knowledge of the Medi-
terranean Sea phosphate and nitrate distributions over the last
decade. Nonetheless, some surface data show critically low values
that can be under the reliability level of the experimental method
used, i.e. 0.02 mmol P m3 for phosphate and 0.4 mmol N m3 for
nitrate (Krom et al., 2005). Based on the model comparison with
the reference data, we can conclude that model outputs are con-
sistent with the main features of the experimental knowledge.
Therefore, we afﬁrm our conﬁdence in the use of the model as a
physically rooted tool to interpolate or extrapolate quality in-
formation and to describe the spatial gradient and the seasonal
variability of the biogeochemical properties of the Mediterranean
Sea.
3.2. Phosphate and nitrate horizontal maps in the upper layer
The horizontal maps of phosphate in the upper layer (0–50 m
vertical averages; Fig. 4, large top panel) indicate an east–west
gradient with higher phosphate concentrations in the Alboran Sea
and northwest Mediterranean areas. The Tyrrhenian, Ionian, and
Levantine areas are characterized by a more oligotrophic regime.
The Adriatic and Aegean Sea present values higher than those of
the oligotrophic regimes but lower than the general western
Fig. 4. Nutrients spatial distributions averaged over the 1999–2004 period and vertically averaged over the 0–50 m layer for phosphate (mmol P m3; top panel) and nitrate
(mmol N m3; bottom panel). Smaller maps on the top-right show the same variables, but arranged vertically over the 0–150 m layer. For nitrates, the alternative ex-
periment with an N:P atmospheric input at 16 mmol N/mmol P is shown in the top-left panel; in this case averaged over the 0–50 m layer.
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of phosphate loads because marginal seas are strongly affected and
regulated by terrestrial inputs. The 0–150 m vertical averages of
phosphate (Fig. 4, small top panel) indicate similar patterns, with a
higher concentration in the Tyrrhenian Sea compared with the
eastern Mediterranean Sea. Apart from Rhodes Gyre area, char-
acterized by winter mixing and a moderate injection of nutrients
from deeper layers, model simulation indicates very low-con-
centration of phosphates (below detection limit) also in winter in
the eastern Mediterranean.
The nitrate 0–50 m vertical averages (Fig. 4, large bottom panel)
present different gradients compared with phosphate; the east–
west gradient is absent, with only slightly lower nitrate values in
the Alboran Sea (possibly affected by the boundary conditions set
at the Strait of Gibraltar). By contrast, it is evident that a south–
north gradient with higher surface concentrations exists in rela-
tion to the northern Mediterranean Sea coasts. The signals of the
Rhone and Po rivers are remarkable, which contrasts with the case
of phosphate, where the plume signal is much less intense. The 0–
150 m vertical averages of nitrate (Fig. 4, small bottom-right panel)
present a more marked east–west gradient, with higher values in
the northwestern Mediterranean Sea and the south Adriatic gyre
area.
As shown in Fig. 4, the atmospheric inputs strongly affect the
surface nitrates distributions and the corresponding spatialTable 2
Average nutrient concentrations for the surface layers (0–50 m) and the deeper layers
seasonal basis (winter (JFM): summer (JAS)) are reported in parentheses.
0–50 m
PO4 (mmol P m3) NO3 (mmol N m3)
ALB 0.1070.03 0.8370.21
(0.14:0.06) (1.21:0.52)
SWW 0.0470.02 0.9770.37
(0.06:0.03) (1.35:0.76)
SWE 0.0370.01 1.2370.23
(0.05:0.02) (1.57:1.04)
NWM 0.0470.02 2.1171.19
(0.07:0.02) (2.74:1.77)
TYR 0.0270.01 1.4570.23
(0.03:0.02) (1.62:1.36)
ADN 0.0270.02 5.5476.73
(0.02:0.01) (5.41:5.67)
ADS 0.0270.01 3.2371.22
(0.04:0.01) (3.41:3.27)
AEG 0.0270.01 1.2670.78
(0.03:0.01) (1.41:1.26)
ION 0.0170.01 1.1370.30
(0.02:0.01) (1.22:1.15)
LEV 0.0170.00 0.9570.48
(0.02:0.01) (1.12:0.95)
MED 0.0270.02 1.3871.56
(0.03:0.02) (1.60:1.31)gradients. To show this relationship, we kept atmospheric phos-
phate deposition constant and carried out an alternative simula-
tion with reduced nitrates deposition rates, assuming a Redﬁeldian
N:P ratio. By contrast, in the reference simulation, the nitrate load
is the average between the low and high estimates derived by
d’Alcalà et al. (2003), corresponding to an N:P ratio of approxi-
mately 60 and 80 mmol N/mmol P, for the eastern and western
Mediterranean, respectively. The reduction in nitrate deposition
affects mainly the southern Mediterranean waters, with approxi-
mately halved values (Fig. 4, small bottom-left panel). Both the
NWM and ADR sub-basins show sustained nitrate concentrations
irrespective of the reduction in the atmospheric input due to the
strong inﬂuence of terrestrial inputs and vertical mixing.
The average values over the 1999–2004 period for the selected
sub-basins (highlighted in Fig. 1) over the 0–50 m layer and the
200–600 layer are reported in Table 2. With the exception of the
Alboran Sea, where 0–50 m phosphate presents the highest values,
the average concentration and its standard deviation are homo-
geneous. The spatial variability of nitrate is higher, with the lowest
0–50 m concentrations in the Alboran Sea, along the Algerian
current (SWW and SWE sub-basins) and the Levantine sub-basin.
The NWM also presents higher nitrate surface values and higher
variability. The Adriatic Sea, particularly in its northern part, has
the highest average nitrate concentrations from 0–50 m in the
Mediterranean Sea due to the inﬂuence of terrestrial inputs that(200–600 m). The sub-basin deﬁnition is shown in Fig. 1. Figures averaged on a
200–600 m
PO4 (mmol P m3) NO3 (mmol N m3)
0.3270.02 7.3570.29
(0.32:0.32) (7.41:7.32)
0.2970.02 6.9070.41
(0.29:0.29) (6.98:6.86)
0.2770.02 6.1970.60
(0.27:0.26) (6.25:6.17)
0.2570.02 6.1970.51
(0.25:0.25) (6.23:6.18)
0.2170.03 4.7170.37
(0.21:0.20) (4.74:4.70)
0.1170.01 3.9070.16
(0.11:0.11) (3.92:3.90)
0.0870.02 1.9170.26
(0.08:0.08) (1.88:1.92)
0.1470.02 3.7470.55
(0.14:0.13) (3.80:3.71)
0.0970.01 2.6370.32
(0.09:0.09) (2.61:2.64)
0.1670.08 4.1871.68
(0.16:0.16) (4.21:4.17)
Table 3
Phosphate and nitrate ﬂuxes (Mmol/y) across selected transects in the Mediterra-
nean Sea, Strait of Gibraltar, Sicilian Channel, Strait of Otranto and Cretan Arc. The
ﬁgures are computed by averaging the ﬂuxes for the period 1999–2004. The
standard deviations are reported in parentheses. A negative sign indicates an exit
mass from the region or from the sub-basin under consideration.
Mmol/y Gibraltar Sicily Otranto Cretan arc
PO4 2301 2457 330 654
7600 7502 7413 7708
NO3 103709 54209 14979 6614
715892 710884 79966 79707
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mulation of nitrate.
In the deeper layer, the usual east–west gradient is present
both for phosphate and nitrate, and, as expected, the variability is
lower Table. 2.
The aggregation of the average nutrient concentrations on a
seasonal basis (Table 2, ﬁgures in parentheses) shows that the
spatial variability in the surface concentrations is higher during
winter and less marked in summer after the phytoplankton bloom.
Moreover, as shown in Lazzari et al. (2012), the gradient in the
nutricline depth makes the uplift of nutrients more efﬁcient in the
western sub-basins than in the eastern sub-basins during the
winter season. By contrast, the 200–600 m nutrient concentra-
tions present a relatively limited seasonal variability Table. 3.
3.3. Phosphate and nitrate vertical distributions
Nutrient vertical distributions (see Fig. 5, referred to as the
NWM and ION sub-basins) show that the most signiﬁcant gra-
dients, compared with the horizontal gradients, are along the
water column, especially during summer and autumn stratiﬁed
conditions. Between winter and spring, the mixing process in-
creases the surface layer nutrient concentration and drives the
phytoplankton bloom, as evidenced by the maximum values of net
primary production (Lazzari et al., 2012). The shape of the nutri-
cline is a sigmoid modulated by the action of biology, as proved by
the east–west gradient of the Deep Chlorophyll Maximum (DCM,
discussed in Lazzari et al. (2012)), which is mirrored by the nu-
tricline depth. The deeper layers (depth41000 m) are stable
during the temporal window of 1999–2004 considered here. The
surface values of nitrogen concentrations are strongly affected by
atmospheric deposition and in the marginal seas by terrestrial
runoff.
3.4. Nutrient limitation
Nutrient limitation is usually experimentally determined in the
sea by setting up nutrient addition experiments in the open ocean.
Given an area in a limiting condition, different macronutrients or
trace nutrients (such as nitrates, phosphates, iron) are added to the
system, and the response in terms of algal bloom is measured. The
nutrient producing the major response is the limiting nutrient.
In the low-latitudes and low-biomass oceans, it is believed that
the principal limiting nutrient is nitrate, with the exception of the
Northern Hemisphere oligotrophic gyres, where phosphate is also
depleted, and a co-limiting condition can take place (Moore et al.,
2013). The Mediterranean Sea is a peculiar case; due to its
anomalous high N:P ratio, it should principally be a phosphorus
limited basin, but phosphorus addition experiments have in-
dicated contrasting results, N–P co-limitation in May (Thingstad
et al., 2005) and N limitation in mid-summer period with ex-
ceedingly low productivity rates (Tanaka et al., 2011). Thenumerical tool adopted here allows us to directly analyze the
limiting mechanism and to understand the limiting processes.
According to the formulation used in the BFM, nutrient avail-
ability controls phytoplankton growth, inducing the release of DOC
when the phytoplankton cell is in nutrient stressed conditions, as
expressed in Eqs. (1)–(4). As illustrated in Fig. 6, the western and
eastern sub-basins show different behaviors. In the case of cya-
nobacteria in the eastern sub-basins, a large part of the potential
production (40.5) is released as DOC due to the low nutrient
concentration. This release indicates a marked bottom-up control
of the phytoplankton growth. The Alboran Sea waters also indicate
a high-ﬂux to DOC due to nutrient limitation. We counted the
number of times during the simulation when phosphorus limita-
tion (argument 2 in the minimum operator in Eq. (4)) or nitrogen
limitation (argument 3 in the minimum operator in Eq. (4)) is the
effective minimum. This count allows us to determine which nu-
trient limits carbon uptake directly, and how frequently this oc-
curs. The present model formulation indicates that during all
seasons, and markedly in the eastern sub-basins, phosphorus is
more limiting than nitrogen. The exception is the ALB sub-basin,
where nitrogen limitation takes place. During winter in the NWM
sub-basin, a nitrogen–phosphorus co-limitation holds.
Therefore, the present simulation indicates that excluding the
areas directly inﬂuenced by the Atlantic waters, the Mediterranean
basin is mainly phosphorus limited. The numerical experiment
with reduced atmospheric inputs presents similar results in terms
of limiting conditions, increasing the limitation due to nitrogen in
the SWW and SWE sub-basins (image not shown).
The consistent release of semi-labile DOC by autotrophs due to
nutrient stress (see Fig. 6) induces the bacteria to compete for
inorganic nutrient. Indeed model results (see Fig.7, lower left pa-
nel) show that the total phytoplankton elemental content in the
surface layer (upper 50 m) is in the range of [0.01, 0.02] mmol
P m3 and [0.2, 0.4] mmol N m3. Similar ﬁgures hold for bacteria
(image not shown), with the same range of phosphorus ([0.01,
0.02] mmol P m3), and a lower nitrogen content ([0.1, 0.2] mmol
N m3). Therefore, our results indicate a coexistence between
autotrophic and heterotrophic organisms, with comparable bio-
masses. Further the results highlight that the organic component
accounts for a relevant part of N and P elemental budget in surface
waters. DOP and DON present lower values than the living com-
partment. The comparison with data is particularly difﬁcult be-
cause the model consider only labile DOP and DON, and a rigorous
comparison with data would require also the inclusion of DOM
with lower degree of lability. This detailed analysis will deserve a
dedicated paper.
3.5. N:P ratio
A low N:P ratio generally indicates limitation by nitrogen and a
high N:P ratio limitation by phosphorus. The N:P ratio in the 0–
50 m layer (Fig. 7) shows a gradient between the sub-basins in-
ﬂuenced by the AW (ALB and SWW in Fig. 1), which is char-
acterized by an N:P ratio o16, and the other sub-basins with
higher-than-Redﬁeld values. A rapid increase of N:P occurs in the
southwestern Mediterranean Sea (between SWW and SWE in
Fig. 1). The subsurface layer (deeper than 50 m) presents, on
average, an N:P ratio approximately 20 mmol N/mmol P, which is
congruent with the inverse estuarine circulation of the Medi-
terranean Sea driven by LIW formation. In fact, the subsurface LIW
waters are created in the eastern reaches (Lascaratos et al., 1993);
therefore, they bear the signature of the high N:P ratio that char-
acterizes those areas.
Atmospheric and terrestrial inputs bear a signature of a high N:P
ratio, and this affects the water masses that enter from the Strait of
Gibraltar. The low N:P ratio of the Atlantic waters rapidly increases
Fig. 5. Vertical proﬁles (upper 1000 m) of phosphate, nitrate, net primary production and total chlorophyll for the northwestern Mediterranean (NWM, top) and Ionian sub-
basin (ION, bottom). Red, yellow, cyan and blue colors refer, respectively, to winter (JFM), spring (AMJ), summer (JAS), and autumn (OND) proﬁles.
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denced in the leftmost circles of Fig. 7 (top panel). As already stated, a
low N:P quota in the phytoplankton cell would indicate nitrogen
limitation, and the opposite case would indicate phosphoruslimitation. In the present simulation, we found that in the surface
levels, the N:P ratio of the intracellular quota (Fig. 7, bottom panel)
corresponds to a level twice the Redﬁeld ratio, showing a luxurious
consumption state and an accumulation of nitrogen with respect to
Fig. 6. Top panel: carbon release to DOC due to nutrient limitations for picophytoplankton, normalized on NPP. The larger map refers to 0–50 m depth averaged ﬁelds, and
the smaller map refers to 0–150 m depth averaged ﬁelds. Bottom panel: histogram with the frequency of limitation due to phosphorus (bars: WIN-P, SPR-P, SUM-P, FAL-P),
and the frequency of limitation due to nitrogen (bars: WIN-N, SPR-N, SUM-N, FAL-N).
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Fig. 7. Top panel: vertical proﬁles of phosphate (abscissa) and nitrate (ordinate) from the simulation averaged by sub-basins reported in Fig. 1 for the period 1999–2004.
Each entry represents the spatial-temporal average at a certain depth. Circles are in the upper 0–50 m layer, and triangles are in the 50-bottom layer. Bottom-left panel:
vertical proﬁles of the average content of phosphorus (abscissa) and nitrate (ordinate) in phytoplankton with the same temporal statistical aggregation of the inorganic
component; however, in this case, circles refer to levels in the 0–50 m layer, and triangles, to levels in 50–200 m layer. The bottom-right panel has the same plot as the top
panel but with a modiﬁed atmospheric input.
P. Lazzari et al. / Deep-Sea Research I 108 (2016) 39–5250an ideal Redﬁeld quota. This indicates that the dominant limiting
condition is connected to phosphorus dynamics.
By contrast, in the subsurface layers with nutrient-replete
conditions and light limitation, the intra-cellular quota corres-
ponds to the Redﬁeld ratio. These results are indeed principally
based on the assumption that the Redﬁeld composition is the
optimal condition, which is reached when there is no shortage in
any nutrient. Geider and La Roche (2002) identiﬁed different re-
sponses and behaviors in the phytoplankton cell according to
nutrient availability. They showed that under nutrient-limiting
conditions, the plasticity of the stoichiometry in thephytoplankton cell is high. Its internal N:P ratio can vary from o5
to 450 mmol N/mmol P, whereas in nutrient-replete conditions,
the plasticity is lower, and the internal quota assumes more stable
values. This ﬁnding is congruent with what we found in our re-
sults: in the surface layers the N:P ratio is higher, but in the deeper
layers, where light is the limiting factor and production is low but
not completely zero, the intracellular quota is 16 mmol N/mmol P,
even if the inorganic external N:P is approximately 20 mmol N/
mmol P. The simulation with reduced atmospheric input (Fig. 7)
shows a decrease of surface nitrates, but the system persists on a
higher-than-Redﬁeld regime.
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We selected key transects such as the Strait of Gibraltar, the
Sicilian Channel, the Strait of Otranto and a transect embracing the
Cretan Arc to compute average ﬂuxes of inorganic nutrients across
them, which are reported in Table 3. The simulation indicates that
the Mediterranean Sea has a net export of nutrients toward the
Atlantic Ocean and that in turn, the Adriatic and the Aegean Sea
export toward the eastern Mediterranean. The phosphate ﬂuxes at
the Strait of Gibraltar and the Sicilian Channel are nearly equiva-
lent, whereas the nitrate ﬂuxes at the Strait of Gibraltar are
1.9 times higher than those estimated at the Sicilian Channel. The
outﬂows from marginal basins are lower with respect to the Strait
of Gibraltar and Sicilian Channel. However, their standard devia-
tion is higher, being of the same order of magnitude as the ﬂuxes.
The ﬁgures obtained for the ﬂuxes at the Strait of Gibraltar and
Sicilian Channel are comparable with the estimates evaluated by
d’Alcalà et al. (2003).4. Conclusions
In this work we present a model-based reconstruction of in-
organic phosphate and nitrate distributions. Model-simulated
nutrient values agree with present-knowledge records. The model
tends to underestimate surface nutrient concentrations. The spa-
tial and temporal variability of reference observation data are
better reproduced by the OGSTM–BFM model in the surface layer
than in the deeper layer. Reconstructed nutrient maps show that
the phosphate gradient corresponds to the east–west trophic
gradient, whereas the nitrate patterns present a stronger south–
north signature, with higher values in the northern reaches.
Based on the model comparison with a collection of datasets
that can be regarded as a good representation of the experimental
knowledge in the Mediterranean Sea over the last decade, we
conclude that model outputs are consistent with the main features
of the experimental information on nutrients distribution. To-
gether with the ability to reproduce chlorophyll and carbon dy-
namics evidenced in Lazzari et al. (2012), this result afﬁrms our
conﬁdence in using the model as a physically rooted tool for the
interpolation of data and the reconstruction and interpretation of
the spatial distribution and seasonal variability of the main bio-
geochemical properties of the Mediterranean Sea.
The results support the conclusion that the Mediterranean
basin is an oligotrophic sea in which a lack of nutrients limits
plankton growth for a large part of the year. The nutrient limita-
tion particularly affects the eastern Mediterranean Sea, where a
substantial part (450%) of the potential production is channeled
to DOC. However, there is also a signiﬁcant nutrient limitation in
the western part of the Mediterranean Sea.
When nutrient limitation occurs, in the vast majority of cases,
phosphorous is the limiting nutrient, with the notable exception of
the Alboran Sea, which is mainly nitrogen limited, and the
southwest basin, in which both nitrogen and phosphorus can limit
plankton growth. The severity of nitrogen versus phosphorus
limitation can be assessed by contrasting nutrient requirements
with nutrient availability and by tracking the amount of potential
primary production that is channeled to dissolved organic carbon.
In this way, it is also possible to identify which is the limiting
nutrient.
Atmospheric nutrient deposition strongly affects the nitrogen
content in the upper surface layers. The evaluation of the ﬂuxes at
the major straits indicates that the Mediterranean Sea has a net
export toward the Atlantic Ocean of approximately 2300 Mmol P/y
for phosphate and 104,000 Mmol N/y for nitrate.Acknowledgments
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